Cimex lectularius L., commonly known as bed bug, is a hematophagous ectoparasite that has spread throughout the United States in recent years (Anderson and Lefßer 2008) . Research suggests that increased international travel, changes in pest control practices, and increased resistance to pyrethroid insecticides have fostered a global resurgence of bed bugs, stimulating renewed interest in bed bug biology and migration patterns (Potter 2005 , Boase 2007 , Romero et al. 2007 ). Although bed bugs have not been identiÞed as pathogen vectors, they often cause substantial emotional distress and physical discomfort, and also require costly extermination and control services (Goddard 2009, Fallen and Gooderham 2011) .
Philadelphia, PA, has consistently ranked as one of the highest bed bug-infested cities in the United States, and was deemed the most bed bug-infested city in the nation by pest management professionals in 2012 (Wassmer and Crawford 2012) . To better understand bed bug reporting trends in urban environments, we analyzed a telephone log of pest reports made to the Philadelphia Department of Public HealthÕs Vector Control Services (VCS) between December 2008 and June 2012 , with the exception of a gap in the report data from June 2011 to August 2011. We describe temporal patterns of bed bug reporting across the city, and generate maps of infestation reports to identify spatial hotspots of infestation.
Materials and Methods
Temporal Analysis. To evaluate temporal trends in bed bug reporting in Philadelphia, we Þrst reviewed a call log of bed bug infestation reports registered to the Philadelphia Department of Public HealthÕs VCS between December 2008 and May 2011. We modeled the number of reports over time using a cosinor analysis (Halberg 1969 , Nelson et al. 1979 , Naser and James 2006 . Brießy, the cosinor approach captures seasonal cycles with a sinusoid term as a covariate in a generalized linear regression model. We included an additional covariate term to capture any temporal trends in the data beyond the seasonal cycles. We compare the complete model, comprising both seasonal and trend covariates, with a reduced version without seasonal covariates using the Akaike information criteria (Akaike 1973 sections of the city are more densely populated than others; if the pest report data were assessed directly for spatial trends, we would likely see artiÞcial clustering in locations where there are higher concentrations of people. To account for this heterogeneity, we compared the citywide spatial distribution of bed bug reports with that of other nuisance pest reports, thereby controlling for spatial inconsistencies in reporting. This comparative approach, using bed bug reports as cases and other pest reports as controls, allows us to determine whether bed bug reports are signiÞcantly clustered relative to all other reports (Lawson and Williams 1993 , Kelsall and Diggle 1995 , Bithell 2006 . We spatially smoothed the density of cases using a smoothing function based on a Gaussian kernel with a bandwidth of 500 m. We then smoothed the density of controls using the same function, and calculated the ratio of the two sets of smoothed densities. To test whether the density of bed bug reports was signiÞ-cantly greater than that of other pests, we used a random label permutation test with 999 simulations (Kelsall and Diggle 1995, Waller and Gotway 2004) .
Results

Temporal Analysis. Between December 2008 and
May 2011, VCS received 382 reports regarding bed bug infestations. We generated a time-series plot depicting the number of reports made each month (Fig. 1 ). Our cosinor model, which included seasonal and aggregate trend covariates, detected signiÞcant seasonality (P Ͻ 0.025) and Þt the data better than the reduced (Poisson) model, which excluded the seasonality term (AIC 176.8 vs. 188.2) . A comparison of the two models is shown in Fig. 1 . Controlling for seasonal cycling, the model demonstrates that the number of reports increased steadily at a rate of 4.5% per month (or 69.45% per year) over the course of the study. The seasonal cycle in the cosinor model peaked in August and reached a nadir in February.
Spatial Analysis. From September 2011 to June 2012, there were 497 reports to VCS regarding various pest infestations. Of these reports, 236 (47%) involved bed bugs; these reports were widely distributed throughout the residential areas of the city. Kernel smoothing analysis identiÞed several signiÞcant hotspots of bed bug reports in Philadelphia (compared with other reports), particularly in southern Philadelphia (Fig.  2) . Several smaller hotspots were also distributed throughout the city.
We observed that a large proportion of the pest reports to VCS regarded raccoons. Therefore, we were concerned that the spatial pattern of raccoon occurrence could affect our analysis of bed bugs. As a sensitivity analysis, we repeated our kernel smoothing analysis, excluding raccoons from the control group, and found no signiÞcant change in the number or structure of bed bug hotspots throughout Philadelphia. All statistical tests were performed using R (cran.r-project.org).
Discussion
We Þnd a marked upward trend in the number of bed bug reports made to the Philadelphia health authorities throughout the past several years, corroborating reports of recent bed bug resurgences in worldwide urban environments (Hwang et al. 2005) . We also Þnd a steep and signiÞcant seasonal cycle in bed bug reporting, with peaks in the summer and troughs occurring throughout winter. Surprisingly, little is known about seasonal trends in bed bug activity levels or population dynamics. Only three previous studiesÑall from EuropeÑ have attempted to describe such seasonal patterns for indoor bed bug populations, yet none of these studies tested seasonal trends for statistical signiÞcance. In a Bulgarian study of poultry farms, bed bug populations exhibited seasonal ßuctuations, reaching a maximum peak between July and September (Monov and Topalski 1980) . A similar study conducted in Great Britain by the multinational pest control company Rentokil illustrated that residential and industrial bed bug infestations ßuctuated throughout the year, reaching a maximum in September and declining throughout the winter (Cornwell 1974) . A Danish study found similar results: the average number of monthly bed bug reports made to local health authorities over a period of 11 yr displayed seasonal variation, with the incidence of reports typically rising throughout the year, reaching a maximum in October, and declining throughout the winter (Hallas et al. 1977) .
We propose the following two scenarios to explain seasonality in bed bug reporting: bed bugs may have different levels of mobility depending on the season or their population sizes may ßuctuate throughout the year. In our Þrst scenario, we propose that bed bugs move more frequently within households during warmer months to feed on human hosts, as higher temperatures increase insect metabolism (Lehane (Usinger 1966) . Thus, it is reasonable to assume that residential bed bug populations are sometimes subject to external temperatures, which may drive an increase in insect mobility during warmer months. Conversely, anecdotal evidence suggests that bed bugs may be less mobile during colder months, when we typically observe fewer bed bug reports (Potter 2011) . Our second scenario revolves around cycles in bed bug population levels; higher temperatures during the summer may instigate rapid bed bug development and population growth (Johnson 1940, Monov and Topalski 1980) . Bed bugs develop faster when the temperature is warm and slower when it is cold, which has implications for the detection of new infestations (Powell and Logan 2005) . There may be increased travel during winter and summer because of vacation periods, increasing the likelihood of travelers encountering bed bugs and causing new infestations (Goddard 2009 ). While it may take time for these infestations to grow to detectable levels, increased developmental and reproduction rates during the summer may speed up detection. Variable detection rates across seasons, driven by changing population growth rates, could potentially explain the relative increase in reports we observe in the summer.
Our analysis of seasonality has disparate implications for the design of bed bug control strategies. By carrying out pest control during summer, it may be easier to eliminate bed bug infestations if they are more mobile. Because bed bugs hide in areas where chemical treatments are often unable to reach, the insects typically have to vacate harborages to come into contact with insecticides (Usinger 1966) . Therefore, increased mobility in the summer would enhance the effectiveness of chemical treatment. However, higher bed bug populations during warmer months are likely to counteract this advantage. Control may instead be more effective in the winter if bed bugs are less active during these months because the insects may tend to disperse less, even if insecticides are applied (Potter 2011) . In addition, if bed bug populations are lower during certain months, it may be easier for treatments or stochastic events to signiÞcantly reduce population sizes and increase the probability of a local extinction (Lande 1993) .
Our spatial analysis points to a widespread distribution of bed bugs throughout the city, with a number of small hotspots. This is somewhat surprising because our data suggest that bed bugs have only recently resurged in Philadelphia; typically, when a species emerges in a new habitat, there is a clear spatial pattern to its spread, at least early in the course of dispersion (Skellam 1951 , Kareiva 1983 . However, in Philadelphia, bed bugs have traversed the entire city in a relatively short period of time, leaving widely distributed hotspots and no clear pattern of dispersion. This rapid spatial expansion, lacking any clear sequential pattern, suggests that bed bugs mainly migrate on people and personal effects capable of traveling long distances (Boase 2007 , PÞester et al. 2009 ). Active migration by bed bugs is unlikely to be driving the spread of bed bugs in Philadelphia, as such movement is typically conÞned to a household or between adjacent households (Reinhardt and Siva-Jothy 2007) .
There are several limitations to our analyses. First, the datasets obtained from VCS only include households for which an address was provided during the Þling of an infestation report. As a result, these data do not fully characterize the actual number or distribution of pest reports in Philadelphia. Second, seasonality in bed bug reporting may be artiÞcially produced by seasonal occurrences unrelated to bed bug dispersal or biology. The yearly nadir in bed bug reporting in December may occur because of increased travel during the holidays, or because the VCS ofÞce is brießy closed during the holiday season. In addition, majority of the reports made to VCS were not veriÞed, so residents may have mistakenly Þled bed bug reports because of the discovery of similar-looking insects or unfamiliar dermatological irritations. Using telephone reports as a proxy for biological phenomena is problematic for several other reasons; not everyone has a phone, and not all households with bed bug infestations are likely to call the local health department. However, we have attempted to control for these issues by using a caseÐ control framework for our spatial analyses. Finally, the cosinor model assumes that seasonal patterns are symmetrical. Perhaps for this reason, the model overestimated the number of reports in December and underestimated the number in the late summer.
We have found evidence of a bed bug resurgence in Philadelphia that is subject to signiÞcant seasonality. While seasonality is a relatively common occurrence across insect species, in the case of bed bugs, it may be a critical attribute that can aid control measures. Our spatial analysis has revealed several modest, yet widely distributed, hotspots of bed bug reporting, a Þnding that could greatly complicate attempts to design targeted control measures. It may be difÞcult to spatially target bed bug populations, but it may be possible to opportunistically target them during certain parts of the year in accordance with their seasonal dynamics. Bed bug populations continue to grow as a pervasive public health problem worldwide, and careful temporal design of bed bug control programs may prove invaluable in reducing the incidence of bed bug infestations.
